Abstract
Hepatocellular carcinoma (HCC) occurs subsequent to liver injury, where regenerative hepatocytes develop into a dysplastic nodule and then early HCC, supporting the multistep hepatocarcinogenesis theory. Molecular alterations such as the p53 mutation, p16 gene silencing, and AKT signaling activation are found in the late stage of HCC progression. The overexpression of some marker molecules is observed at the early stage. Transforming growth factor-␤ (TGF-␤ ), a potent inhibitor of cell proliferation, is frequently overexpressed in HCC, although the role of TGF-␤ signaling during HCC development remains controversial. We previously reported that HCC cells show TGF-␤ receptor-dependent growth inhibition in response to TGF-␤ . Also, reduced TGF-␤ receptor II in HCC correlates with intrahepatic metastasis and shorter time-to-recurrence, suggesting a role of TGF-␤ signaling in tumor suppression. In contrast, TGF-␤ overexpression in HCC is known to correlate with malignant potential, suggesting a role in tumor promotion. Enhanced formation of stroma is a feature of advanced HCC, and TGF-␤ also promotes the proliferation of stromal fibroblasts. The microenvironment produced via tumor-stromal interactions may be the key to the modulation of the dual roles of TGF-␤ signaling in HCC progression. differentiated tumor component surrounding the former [3] . Nuclear accumulation of mutated p53 is immunohistochemically detected in HCCs, and is correlated with tumor grade and size [4] . These findings indicate that the p53 gene mutation occurs at a later stage in HCC progression.
Epigenetic silencing contributes molecular alterations without gene mutation/deletion in cancer. The p16 ( CDKN2A ) tumor suppressor gene encodes a cyclin-dependent kinase inhibitor that is involved in the cell cycle regulatory pathway. Suppressed p16 expression in HCC is mainly due to hypermethylation of the gene [5] . Loss of p16 protein occurs approximately twice as often in advanced HCCs (40%) than in early HCCs [5] .
Aberrant activation of signal transduction is another molecular alteration in cancer. AKT/PKB phosphorylation has been identified as a significant risk factor for an early recurrence and poor prognosis in HCC [6] .
The molecular alterations described above are rare in the early stages of HCC progression, however molecular markers upregulated in the early stages have been reported. Heat-shock protein 70 and adenylate cyclase-associated protein 2 are detected in early HCC, and are highly expressed in advanced HCC [7, 8] . Since these molecules show a stepwise upregulation with HCC progression, they can serve as useful markers for HCC diagnosis.
Molecular markers detectable in the blood are useful for less invasive diagnoses. Plasma ␣ -fetoprotein levels have been an important factor in the diagnosis and prognosis of HCC. Elevated levels of plasma TGF-␤ in HCC patients have been reported [9] , but may not be specific for HCC due to upregulation in the inflamed liver. While TGF-␤ is a cell growth inhibitor, its overexpression in HCC correlates with carcinogenesis, progression, and prognosis [10] [11] [12] . Indeed, the role of TGF-␤ signaling in HCC is controversial. Recently, we showed that reduced TGF-␤ receptor type II (TGFBR2) expression in HCC correlated with intrahepatic metastasis and shorter time to recurrence [13] . Various roles of TGF-␤ signaling may be implicated in multistep hepatocarcinogenesis.
Canonical TGF-␤ Signaling
The TGF-␤ superfamily contains molecules with a diverse range of functions in embryogenesis and adult tissue homeostasis. TGF-␤ ligand binds with a heteromeric receptor complex that consists of type I and type II serine/ threonine kinase receptors. Upon ligand-receptor binding, the type I receptor phosphorylates receptor-activated SMAD (R-SMAD) proteins at their C-terminal serines.
SMAD is a TGF-␤ signaling transducer with conserved MAD-homology (MH) 1, an intermediate linker, and MH2 regions. The activated R-SMADs, together with SMAD4, translocate into the nucleus and function as a transcription factor complex. One of the target genes of TGF-␤ , SMAD7, encodes an inhibitory SMAD that binds to the type I TGF-␤ receptor and competitively blocks the interaction between the TGF-␤ receptor and R-SMAD [14] .
The regenerative potential of the liver has been recognized since ancient times and the regenerative capacity of hepatocytes is exploited in the recovery from liver injury. TGF-␤ signaling plays a role in the process of liver regeneration by terminating hepatocyte proliferation [15] . TGF-␤ is also involved in liver fibrosis caused by liver injury by promoting the production of extracellular matrix by fibroblasts. TGF-␤ overexpression is frequently found in HCCs as well as other cancers. Treatment with TGF-␤ results in the growth arrest of HCC cells expressing TGFBR2 [13] , indicating that TGF-␤ signaling has a tumor-suppressive role in HCC cells as well as normal hepatocytes. Mechanisms to escape TGF-␤ -induced growth arrest may be necessary for HCC progression.
TGF-␤ Signaling in HCC
Recently we reported that reduced TGFBR2 expression in HCC correlated with intrahepatic metastasis [13] . Approximately 25% of HCCs showed decreased staining for TGFBR2 compared with adjacent non-cancerous hepatocytes ( fig. 1 ) . The TGFBR2 downregulation also correlated with a larger size and higher grade of tumor, and early recurrence time. These findings suggest that TGFBR2 downregulation is a late event in HCC devel opment. TGFBR2-reduced HCC cells exhibited no proliferative response to TGF-␤ , whereas the growth of TGFBR2-expressing cells was arrested by TGF-␤ treatment. Thus, the response to TGF-␤ is TGFBR2-dependent. Although TGFBR2 downregulation seems to be a late event in HCC progression, some cases with a small HCC ( ^ 2 cm) showed reduced TGFBR2 expression (6/60 small HCCs). Two of these cases demonstrated an early recurrence after surgery [unpubl. data], suggesting that reduced TGFBR2 expression may be a risk factor for early recurrence, even in patients with a small HCC.
Mutations and deletions of TGF-␤ signaling-related genes are found in some cancers. The SMAD4 gene is lost or mutated in about 50% of pancreatic carcinomas [16] , and the TGFBR2 gene is mutated in hereditary non-polyposis colorectal carcinoma [17] . Alterations of these genes are, however, rare in HCC. Although reduced TGFBR2 expression, which results in suppression of TGF-␤ -induced growth arrest, has been found in about 25% of HCCs, TGF-␤ seems to be a tumor suppressor in the majority of HCCs expressing TGFBR2.
TGF-␤ inhibits cell proliferation, but it also promotes tumor cell invasion by inducing epithelial-mesenchymal transition (EMT) [18] . Coulouarn et al. [19] described the molecular classification of HCC based on the clinical significance of the genes embedded in the TGF-␤ expression signature. In their study, they examined HCC cell lines using a clustering analysis of microarray data. They found that the early or late response of the cells to TGF-␤ was a key factor to subclassifying HCC. Genes in the late TGF-␤ signature include vimentin and Snail, which are characteristic of EMT, suggesting that TGF-␤ signaling is involved in the EMT of HCC cells. In their study, the HCC cell lines, HLE and HLF, were classified into the late TGF-␤ subgroup. On the other hand, HLE and HLF cells appear to be negative for TGFBR1 and have a low level of TGFBR2, and growth inhibition with TGF-␤ is not observed in these cells [20] . These findings suggest that the late response to TGF-␤ may be independent of the expression of TGF-␤ receptors. Reduced expression of TGF-␤ receptor may be a key to shift the TGF-␤ expression signature from the early to the late response.
TGF-␤ signaling is also involved in angiogenesis during cancer progression. Ito et al. [21] showed that plasma TGF-␤ levels correlate positively with tumor vascularity. Mazzocca et al. [22] demonstrated that crosstalk between HCC and endothelial cells was blocked with LY210976, an inhibitor of TGFBR1, by suppressing angiogenesis through vascular endothelial growth factor (VEGF). VEGF is a gene involved in the late response to TGF-␤ [19] . Thus, TGF-␤ promotes HCC cells to secrete VEGF, which induces hypervascularization, one of the features of advanced HCC.
Whereas TGF-␤ phosphorylates the C-terminal region of R-SMADs, MAPK phosphorylates the linker region of R-SMADs [23] . Mori et al. [24] showed that hepatocyte growth factor (HGF) and TGF-␤ induce R-SMAD phosphorylation at linker regions by JNK, one of the mediators of MAPK pathway. The nuclear accumulation of R-SMAD with a phosphorylated linker region is involved in invasion. Coulouarn et al. [19] demonstrated that HCC cells with the late TGF-␤ signature expressed genes characteristic of TGF-␤ -induced metastasis and EMT. These findings led to the hypothesis that the phosphorylation of R-SMAD at the C-terminal or linker region may be reflected in the early or late gene response to TGF-␤ . In other words, switching the gene response to TGF-␤ may be implicated in the phosphorylation status of R-SMAD.
Coulouarn et al. [19] identified that the HCC group harboring both the late TGF-␤ and positive HGF/MET signature is characterized by poor survival. HGF is expressed at significant levels in HCCs, and is primarily expressed by stromal myofibroblasts [25] . Pathologically characteristic differences between early and advanced HCCs are hypervascularization and stromal formation. Since TGF-␤ induces the transformation of myofibroblasts [26] , HCC cells expressing TGF-␤ can obtain HGF secreted by myofibroblasts surrounding the tumor. Moreover, TGF-␤ -induced angiogenesis may increase HGF levels in hypervascularized HCC. HGF activates JNK, which in turn phosphorylates R-SMADs at the linker region [24] . Thus, the JNK-SMAD pathway may predominate in advanced HCC.
Conclusion
Alterations of TGF-␤ levels and TGF-␤ signaling in multistep hepatocarcinogenesis appear very complex, but they seem to have a significant impact on the molecular pathogenesis of HCC. Figure 2 shows a scheme for the role of TGF-␤ in multistep carcinogenesis. TGF-␤ signaling has a suppressive role in the proliferation of premalignant hepatocytes and possibly also early HCC cells. In advanced HCCs, TGF-␤ is involved in the formation of tumor stroma, including myofibroblasts and blood vessels. The stroma provides the microenvironment, including HGF, favorable for tumor cells. In advanced HCC, with such a microenvironment, the early response to TGF-␤ may shift to the late response, and TGF-␤ signaling cannot function as a tumor suppressor any longer. Reduced TGFBR2 expression in HCC cells may contribute to suppressing the early TGF-␤ response, and enhancing the late response.
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